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FOREWORD

An exploratory experimental and theoretical investigation of gaseous nuclear
rocket technology is being conducted by the United Aircraft Corporation Research
Laboratories under Contract NASw-8L7T with the joint AEC-NASA Space Nuclear Propulsion
Office. The Technical Supervisor of the Contract for NASA is Captain W. A, Yingling
(USAF). Results of the investigation conducted during the period between
September 15, 1964 and September 15, 1965 are described in the following eleven
reports (including the present report) which comprise the required third Interim
Summary Technical Report under the Contract:

1. McFarlin, D. J.: Experimental InVestigation of the Effect of Peripheral Wall
Injection Technigue on Turbulence in an Air Vortex Tube. UAC Research
Laboratories Report D-910091-5, September 1965. (Unclassified)

2. Johnson, B. V.: Analytical Study of Propellant Flow Requirements for Reducing
Heat Transfer to the End Walls of Vortex-Stabilized Gaseous Nuclear Rocket
Engines (U). UAC Research Laboratories Report D-910091-6, September 1965.
(report classified Confidential)

3. Travers, A.,: Experimental Investigation of Peripheral Wall Injection Techniques
in a Water Vortex Tube. UAC Research Laboratories Report D-910091-T7, September
1965. (Unclassified)

. Johnson, B. V., and A. Travers: Analytical and Experimental Investigation of
Flow Control in a Vortex Tube by End-Wall Suction and Injection (U). UAC
Research Laboratories Report D-910091-8, September 1965. (report classified
Confidential)

5. Mensing, A. E., and J. S. Kendall: Experimental Investigation of the Effect of
Heavy-to-Light-Gas Density Ratio on Two-Component Vortex Tube Containment
Characteristics (U). UAC Research Laboratories Report D-910091-9, September
1965. (report classified Confidential)

6. Krascella, N, L.: Theoretical Investigation of the Opacity of Heavy-Atom Gases.
UAC Research Laboratories Report D-910092-4, September 1965. (Unclassified)

. Kesten, A. S., and R. B. Kinney: Theoretical Effect of Changes in Constituent
Opacities on Radiant Heat Transfer in a Vortex-Stabilized Gaseous Nuclear Rocket
(U). UAC Research Laboratories Report D-910092-5, September 1965. (report
classified Confidential)
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8.

10.

11.

Marteney, P. J., N. L. Krascella, and W. G. Burwell: Experimental Refractive
Indices and Theoretical Small-Particle Spectral Properties of Selected Metals.
UAC Research Laboratories Report D-910092-6, September 1965. (Unclassified)

Williamson, H. A., H. H. Michels, and S. B. Schneiderman: Theoretical Investi-
gation of the Lowest Five Ionization Potentials of Uranium. UAC Research
Laboratories Report D-910099-2, September 1965. (Unclassified)

McLafferty, G. H., H. H. Michels, T. S. Latham, and R. Roback: Analytical
Study of Hydrogen Turbopump Cycles for Advanced Nuclear Rockets. UAC Research
Laboratories Report D-910093-19, September 1965. (Unclassified)(present report)

McLafferty, G. H.: Analytical Study of the Performance Characteristics of
Vortex-Stabilized Gaseous Nuclear Rocket Engines (U). UAC Research Laboratories
Report D-910093-20, September 1965. (report classified Confidential)
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Analytical Study of Hydrogen Turbopump Cycles for Advanced Nuclear Rockets
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An analytical study was conducted to determine the characteristics of three
different turbopump cycles which might be employed to obtain the high engine inlet
pressures which are expected to exist in advanced nuclear rockets. The three cycles
considered were: a topping cycle, in which the power required to drive the pump
is obtained by passing all of the pump-exit flow through a turbine before this flow
enters the engine; a bleed cycle, in which all of the pump power is obtained by
discharging a fraction of the pump-exit flow through a bleed turbine with an expan-
sion pressure ratio of 0.0l; and a mixed cycle, in which half of the power to drive
the pump is obtained from a primary turbine and half from a bleed turbine. The
studies were conducted for a range of turbine inlet temperatures between 1400 and
3800 R, for a range of turbine inlet pressures between 200 and 5000 atm, for pres-
sure drops between the pump exit and the turbine inlet of zero and 50 atm, and for
three different combinations of pump and turbine efficiency. The results of the
study indicate the effect of engine inlet pressure on the turbine pressure drop
and/or the bleed flow fraction for each cycle.

Three studies not connected with hydrogen turbopumps are described in the
Appendixes. These are: an analysis of the approximate temperature distribution
in the fuel-containment region of a coaxial-flow gaseous nuclear rocket (APPENDIX I);
a change in form of heavy-gas containment data obtained from NASA Lewis coaxial-flow
tests (APPENDIX II); and an analysis of the heat generation rate in fuel passing
through a fuel injection duct located in the moderator of a gaseous nuclear rocket
engine (APPENDIX III).

(b
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RESULTS

Results of Turbopump Analysis

Unless otherwise noted, each of the following results was obtained for a
turbine inlet temperature of 2200 R, a pump efficiency of TO percent, a turbine
efficiency of 80 percent, and a pressure drop between the pump exit and turbine
inlet of 50 atm. It should be noted that a final choice between the different
cycles considered will require detailed structural analyses as well as cycle studies.

1. Attainment of an engine inlet pressure of 1000 atm will require: for a
topping cycle, a primary turbine pressure drop of 1000 atm; for a bleed cycle, a
bleed fraction of 15.5 percent; and for a mixed cycle, a primary turbine pressure
drop of 260 atm and a bleed fraction of 10.0 percent.

2. A reduction in the engine inlet pressure from 1000 to 500 atm will result
in the following: for the topping cycle, a reduction in the primary turbine pres-
sure drop from 1000 to 170 atm; for the bleed cycle, a reduction of bleed fraction
from 15.5 percent to 8.8 percent; and for the mixed cycle, a reduction in the pri-
mary turbine pressure drop from 260 to 66 atm and a reduction in bleed fraction
from 10.0 percent to 5.1 percent.

3. An increase in the engine inlet pressure from 1000 to 2000 atm will result
in the following: for the bleed cycle, an increase in bleed flow from 15.5 percent
to 26.5 percent; and for the mixed cycle, an increase in primary turbine pressure
drop from 260 to 1100 atm and an increase in the bleed fraction from 10.0 percent
to 21.4 percent. The topping cycle will not provide an engine inlet pressure of
2000 atm for any pressure drop across the turbine for a turbine inlet temperature
of 2200 R.

k. An increase in turbine inlet temperature from 2200 to 3800 R will result
in the following for an engine inlet pressure of 1000 atm: for the topping cycle,
a decrease in primary turbine pressure drop from 1000 to 360 atm; for the bleed
cycle, a decrease in bleed flow from 15.5 percent to 9.0 percent; and for the mixed
cycle, a decrease in primary turbine pressure drop from 260 to 138 atm and a decrease
in bleed flow from 10.0 percent to 5.3 percent.

5. An increase of pump efficiency from 7O percent to 80 percent combined with
an increase in turbine efficiency from 80 to 90 percent will result in the follow-
ing for an engine inlet pressure of 1000 atm: for the topping cycle, a decrease in
the primary turbine pressure drop from 1000 to 530 atm; for the bleed cycle, a
decrease in bleed flow from 15.5 percent to 12.1 percent; and for the mixed cycle,
a decrease in primary turbine pressure drop from 260 to 188 atm and a decrease in
bleed flow from 10.0 percent to 7.2 percent.
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6. A decrease in the pressure drop between the pump exit and the turbine inlet
from 50 to zero will result in the following for an engine inlet pressure of 1000
atm: for the topping cycle, a decrease in the primary turbine pressure drop from
1000 to 940 atm; for the bleed cycle, a decrease in bleed flow from 15.5 percent to
14.9 percent; and for the mixed cycle, a decrease in primary turbine pressure drop
from 260 to 240 atm and a decrease in bleed flow from 10.0 percent to 9.5 percent.

Results of Analyses described in Appendixes

7. The temperatures near the centerline of a coaxial-flow gaseous nuclear
rocket will be on the order of 100,000 to 200,000 R for cavity pressures of 100 to
1000 atm and for a heat flux at the outside edge of the fuel-containment region
equal to that for black body thermal radiation at a temperature of 30,000 R.

8. For gaseous nuclear rockets in which the fuel and propellant are injected
separately into the cavity, a high fuel velocity is required when the fuel passes
through the moderator in order to prevent excessive self-heating of the fuel. For
the example discussed in an Appendix, a fuel velocity of 67,000 ft/sec would be
required to keep the temperature of the fuel below 3600 R at the exit of the fuel-
injection duct with no neutron-absorbing material surrounding the fuel-injection
duct.

9. The required velocity of the fuel in the fuel-injection duct passing
through the moderator can be reduced by surrounding this duct with a sleeve made
from a neutron-absorbing material such as hafnium. For the example described in
an Appendix, a sleeve having a thickness of 0.5 in. surrounding a duct having a
radius of 0.04 in. would result in decreasing the required fuel velocity from
67,000 ft/sec to 200 ft/sec.

10. Surrounding a fuel-injection duct with a neutron-absorbing material may
result in a significant increase in the critical fuel mass required in the cavity
unless care is taken with the design of the fuel-injection duct. For the example
discussed in Result No. 9, this increase in fuel mass was approximately 5 percent.
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INTRODUCTION

The Research Laboratories of United Aircraft Corporation under Contract NASw-847
with the joint AEC-NASA Space Nuclear Propulsion Office are investigating various
technologies which influence the characteristics of gaseous nuclear rockets. Studies
conducted under this contract and at the NASA Lewis Research Center indicate that it
will be desirable to operate such rockets at high pressures in order to reduce the
engine size necessary to obtain attractive performance capabilities. One of the
engine components which may limit (he maximum operating pressure is the turbopump.
Available studies of turbopumps for nuclear rockets (see, for example, Refs. 1 and
2) are usually limited to consideration of engine pressures of 100 atm of less,
whereas pressures of 100 to 2000 atm may be desirable for gaseous nuclear rockets.
The object of the study described in the main body of this report is to determine
the characteristics of the turbopump cycle for engine pressures of interest for
gaseous nuclear rockets.

The investigation of gaseous nuclear rocket technology under Contract NASw-84LT
has also been concerned with studies of a number of other problem areas, and results
from three of these studies are described in the Appendixes. These studies include
analyses of the temperature distribution and fuel-containment characteristics of
coaxial-flow nuclear rockets and studies of the heat generation rate in fuel pass-
ing through a fuel-injection duct located in the moderator of a gaseous nuclear
rocket engine.
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HYDROGEN PROPERTTES

Cycle studies for hydrogen turbopumps for advanced nuclear rocket engines
require information on the properties of hydrogen under the conditions which will
exist in both the pump and turbine. The methods employed to obtain these properties
are described in the following subsections,

Hydrogen Properties used in Turbine Analysis

Thermodynamic properties of normal hydrogen (3:1 ortho-para mixture) were
calculated for temperatures between 600 and 6000 R and pressures between 1.0 and
5,000 atm. The computation procedure employed was essentially that described in
Ref. 3 with modifications to allow a better fit of compressibility data at the
higher temperatures. A general description of this procedure, which will be re-
ferred to hereafter as the Woolley procedure, appears in the first following sub-
section, and a discussion of the modifications which were made to this procedure
appears in the second following subsection.

Woolley Procedure

Thermodynamic properties of hydrogen are first obtained for the idealized gas
state from the partition functions for the translational, rotational, vibrational,
and electronic contributions. The partition function for vibration was taken
as the quantum-mechanical sum-over-state function,

z gl e—éi/kT (l)
§

where the values of €; used in the summation were derived from an analysis of the
molecular spectra of hydrogen. The translational contributions were calculated in
the usual manner for an ideal gas. The rotational contributions were evaluated in
a high-temperature approximation using the series

2
| o g .
R AL SR R )
with
o = K2 T kT (3)
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In order to calculate the thermodynamic properties of gaseous hydrogen at high
densities, it is necessary to correct the ideal gas properties to take into account
changes due to deviations from the law of ideal gases as the density is increased.
A very careful and critical analysis of available compressibility data (see, for
example, Refs. 4 and 5) has been performed for temperatures between 273 K and 600 K

in Ref. 3 and the final form chosen to represent the compressibility of hydrogen
can be written as

PV _ _B(Mp+cmp?

2 = ==

T

—~
J

g

where P is the density, B(T) is the second virial coefficient for hydrogen, and C(T)
is essentially a temperature-dependent empirical parameter and is not identical

with the third virial coefficient. The functional forms for B(T) and C(T) were taken
in Ref. 3 as

B(T) = b /T 4+ b, /734 +p /754 (5)

(T = ¢, /T¥2 + ¢, /72 (6)

where the coefficients b; and C; were adjusted to fit the experimental data.

Corrections for real gas properties are calculated in the Woolley procedure
from the following thermodynamic relations.

o
“R = _0 T __o T _aT P_P
S P d
H-H, 97 P
R!‘?EAL N fT (O_)P -+ Z-| (8)




D-910093-19

0
Cp-Cp P dp f a2 dp
e . of1(g) % - [re(Cg) 2
9Z \ 12 9z (9)
e[ze1GF)] /240 G5)]

These corrections become most important in the region of high compressibility, i.e.,
low temperature and/or high pressure.

Modifications to Woolley Procedure

Since no significant quantity of experimental compressibility data for hydrogen
gas exist for temperatures much above 600 K, a theoretical approach was employed to
estimate compressibility. The exponential in Eq. (4) can be expanded to give

Z = |+s(T)p+[C(T)+82(T)] pZ+ 0(p%) + o (10)

where B(T) is the second virial coefficient and [C(ﬂ* BZ(Td can now be identified
as the third virial coefficient. Higher order terms in density are of lesser
importance at high temperatures and were not examined explicitly. The second
virial coefficient was obtained from the statistical mechanical expression

[o9]
8m = - 21rr\1_f.(e'€”’/"T ~1) r2dr (11)
0

where the Lennard-Jones (6-12) potential was used for €(r).

Similarly, the third virial coefficient was obtained from the theoretical
expression

cim = - evraNafff[e““"/kT —|]3 r3dr (12)

Convenient numerical solutions fortg(T)and Ebf)are available in Ref. 6, and the
coefficients b and c¢; of Egs. (5) and (6) were adjusted to agree with these exact
numerical solutions. The fundamental constants required for the Lennard-Jones
potential were taken from Ref. 6 as €/k=29 and r(€=0)/re=29 . Values of b; and
Ci used in Ref. 3 and calculated using Egqs. (11) and (12) are compared in Table I.
The use of this new set of coefficients resulted in only small changes from the
original Woolley program in the calculated thermodynamic properties. For example,
the calculated enthalpy function was increased by 1 to 2 percent for temperatures
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about 2000 K st pressures above 2000 atm., A Mollier diagram for hydrogen calculated
from the modiried Woolley program is given in Fig. 1.

Hydrogen Properties Used in Pump Analysis

All pump calculations were based on hydrogen pump inlet conditions of one atm
pressure and 36 R temperature. The calculations of pump work require information
on the characteristics of hydrogen for an isentropic compression process beginning
at these pump inlet conditions. However, the maximum pressure for such an is-
entropic process for which data are available (see Ref. 7) is 300 atm, while it is
desirable to analyze pumps with exit pressures up to 5000 atm. Therefore, some
method of extrapolation of available data had to be adopted in order to perform
the calculations. It was decided to extrapolate data on the density of hydrogen
and to use this data in the following equation to calculate enthalpy for an is-
entropic compression process.

OH =  VdpP (13)

The variation of hydrogen density for an isentropic compression process beginning
at a pressure of one atm and a temperature of 36 R is shown by the solid line in
Fig. 2. These data were obtained from Ref. 7. Three different variations of den-
sity with pressure are shown in Fig. 2; two of these represent different extrap-
olations of the data from Ref. 7, and the third represents constant density at all
pressures. Also shown on this figure is the density calculated from the modified
Woolley program at a pressure of 5000 atm and a temperature of 600 R. Although no
data are available to support the validity of this calculated density, the use of
the Woolley program probably provides the best estimate of the density under such
conditions. It would be expected that the true density at low temperatures would
be greater than that at 600 R; therefore Curve B in Fig. 2 might be more realistic
than Curve A. However, unless otherwise specified all calculations described in
the report were made using Curve A leading to more conservative results. As noted
in a following Section, some calculations were made to determine the change which
would result from using Curves B or C rather than Curve A.

The variation of hydrogen enthalpy with pressure calculated using Eq. (13) is
shown in Fig. 3. Tt can be seen that Curves A and B differ from each other by
only a small amount, and then only at high pressures. At a pump exit pressure of
5000 atm the isentropic pump enthalpy rise calculated using Curve C is approximately
50 percent greater than that using Curves A or B.
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TURBOFUMP CHARACTERISTICS

Method of Analysis

Sketches illustrating the three different turbopump cycles which have been
employed in the analytical studies are shown in Fig. 4, In the topping cycle, all
of the power necessary to drive the pump is obtained by expanding all of the gases
discharging from the heat exchanger through the primary turbine. In the bleed
cycle, the primary turbine is omitted and the power to drive the pump is obtained
by bleeding a fraction of the flow,M%/Mb,through a bleed turbine. In the mixed
cycle, half of the power required to drive the pump is obtained from the primary
turbine, while the remainder of the power is obtained from the bleed turbine which
obtains its inlet gases from the exit of the primary turbine. The bleed turbine
pressure ratio, P;/P,, is assumed to be 0.01 for both the bleed and mixed cycles.

The energy required to raise the temperature of the hydrogen from that at the
pump exit to that at the turbine inlet is obtained by cooling the moderator of the
gaseous nuclear rocket engine. As noted in Ref. 8, this temperature rise may be
obtained by piping the pump exit flow directly through the moderator, or may be
obtained indirectly from an intermediate coolant loop which transfers the energy
deposited in the moderator to an external heat exchanger through which the pump exit
flow would pass. In the direct cycle, the relatively weak structural moderator
material must withstand the forces generated by the difference between the turbine
inlet pressure and the turbine exit pressure. In the indirect cycle, the pressure
of the fluid used to cool the moderator is made approximately equal to the pressure
in the engine, so that the pressure difference across the walls of the external heat
exchanger is approximately equal to the pressure drop across the turbine. Since the
external heat exchanger can be made from materials which are chosen without regard
for their neutron absorbing characteristics, the stresses due to the pressure dif-
ferences across the tube walls in the external heat exchanger are much easier to
handle than are the stresses due to pressure differences within the moderator with
the direct cycle. Therefore, it is assumed in the present report that the indirect
cycle is employed to obtain the energy necessary to heat the hydrogen from pump exit
pressure to turbine inlet pressure. However, it is still desirable to minimize the
pressure drop across the turbine in order to minimize the stresses in the external
heat exchanger used in the indirect cycle.

Calculations have been performed for a range of efficiencies in both the pump
and turbine. The pump efficiency is defined as the ideal enthalpy rise associated
with isentropic compression between the pump inlet pressure and the pump exit
pressure (Fig. 3) divided by the actual enthalpy rise between these two pressures.
The turbine efficiency is defined as the actual enthalpy drop through the turbine
divided by the enthalpy drop which would be obtained by isentropic expansion between
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the turbine inlet pressure and turbine exit pressure. In calculations of the
characteristics of the mixed cycle, the efficiency of the primary turbine and the
secondary turbine have been assumed to be equal.

Results of Analysis

Topping Cycle

The results of the analysis of the topping cycle are given 1in Figs. 5 through 8
for turbine inlet temperatures of 1, hOO 2,200, 3,000, and 3, 800 R, respectively.
For each temperature the pressure drop across the primary turbine is plotted as a
function of engine inlet pressure. The pressure drop across the primary turbine is
of interest because this pressure difference must be withstood by the tube walls in
the heat exchanger used to transfer heat from the moderator in the gaseous nuclear
rocket (see preceding section and Ref. 8). Also shown on each figure are lines of
constant turbine inlet pressure, This pressure is of interest because it represents
the pressure which must be withstood by the case surrounding the heat exchanger.

The engine inlet pressure increases with an increase in turbine inlet pressure only
up to a certain value of turbine inlet pressure. Above this value, an increase in
turbine inlet pressure results in a decrease in engine inlet pressure., No informa-
tion is shown on Figs. 5 through 8 for the region in which an increase in turbine
pressure results in a decrease in engine inlet pressure.

Since it is desirable to minimize the pressure drop through the turbine, it is
of interest toc determine turbopump characteristics for specified values of the
maximum allowable pressure drop across the turbine. Plots showing the variation of
engine inlet pressure with turbine inlet temperature for assumed values of turbine
pressure drop of 100, 300, and 1,000 atm are given in Fig. 9. Since the
variation of maximum engine inlet pressure with turbine inlet temperature is small,
it probably will not be desirable to employ extremely high values of turbine inlet
temperatures. It is probable that any turbine developed in the near future for use
with gaseous muclear rockets will have turbine inlet temperatures limited to values
which are now current for turbojet engines (2,000 to 2,500 R). Pump and turbine
efficiencies of 80 and 90 percent, respectively, are also common for turbojet
engines, For these pump efficiencies and a turbine inlet temperature of 2,200 R, it
can be seen from Fig. 6 that turbine pressure drops of approximately 500 atm
are required to obtain an engine inlet pressure of 1,000 atm.

The calculations shown in Fig. 6 for a turbine inlet temperature of 2,200 R and
zero pressure drop in the heat exchanger have also been carried out using pump
enthalpy Curves B and C in Fig. 3. The results of the calculations are shown in
Fig, 10, It can be seen from this figure that the uncertainty in the hydrogen char-
acteristics employed in the pump portion of the cycle has almost no effect on the

10
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turbopump performance at low values of engine inlet pressure, and a large effect on
turbopump characteristics at high values of engine inlet pressure only by changing
from either Curve A or B to Curve C.

Bleed Cycle

The results of calculations of the characteristics of the bleed cycle are shown
in Figs. 11 through 14 for bleed turbine inlet temperatures of 1,400, 2,200, 3,000,
and 3,800 R, respectively. In each figure, the fraction of bleed flow required is
shown as a function of engine inlet pressure. This fraction of bleed flow is of
interest because it governs the loss in specific impulse which would result from the
use of a bleed cycle, If this bleed flow were exhausted overboard at zero tempera-
ture (i.e., with zero velocity), the fractional loss in specific impulse would be
equal to the fraction of bleed flow., If zero-temperature bleed exhaust flow were
mixed uniformly with the primary engine exhaust flow, the fractional loss in
specific impulse would be approximately half of the bleed flow fraction, Since there
is a finite temperature to the bleed exhaust flow (approximately 30 percent of bleed
turbine inlet temperature), the actual loss in specific impulse would be less than
that with zero bleed exhaust temperature. Thus, 10 percent bleed flow would result
in something less than 5 to 10 percent loss in specific impulse,

A summary of the maximum engine inlet pressures obtainable using the bleed
cycle is shown in Fig., 15 as a function of turbine inlet temperature for bleed flow
fractions of 10 and 25 percent. The increase in engine inlet pressure with an
increase in turbine inlet temperature for the bleed cycle shown in Fig., 15 is
greater than that shown for the topping cycle in Fig. 9. Therefore, greater gains
will be obtained by an increase in turbine inlet temperature using the bleed cycle
than using the topping cycle. For conditions representative of those obtainable in
turbojet engines (turbine inlet temperature of 2,200 R, pump efficiency of 80 per=-
cent, and turbine efficiency of 90 percent), it can be seen from Fig. 12 that
approximately 7 percent bleed flow is required to obtain an engine inlet pressure
of 500 atm and approximately 12 percent bleed flow is required to obtain an engine
inlet pressure of 1000 atm,

Calculations to determine the effect of using Curves B or C instead of Curve A
in Fig. 3 were also performed for the bleed cycle, and the results of these calcula-
tions are shown in Fig., 16. The influence of assumed pump enthalpy characteristics
was somewhat less on the results for the bleed cycle than on the results for the
topping cycle (see Fig. 10) because the turbine inlet pressures were lower for the
bleed cycle than for the topping cycle.

11
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Mixed Cycle

The results of calculations of the characteristics of the mixed cycle are shown
in Figs. 17 through 2k for primary turbine inlet temperatures of 1400, 2200, 3000,
and 3800 R, All calculations were carried out for a cycle in which half of the work
required to drive the pump was obtained from the primary turbine and the remaining
half of the work was obtained from the bleed turbine, Both the pressure drop across
the primary turbine (Figs. 17, 19, 21 and 23) and the fraction of bleed flow
required (Figs. 18, 20, 22 and 24) are shown as a function of engine inlet pressure.
Comparison of the information on Figs. 17 through 24 with that shown on Figs. 5
through 8 and Figs. 11 through 14 indicates that, for the mixed cycle, the turbine
pressure drops are less than in the topping cycle, and that the bleed flow fractions
are less than for the bleed cycle.

The effect of turbine inlet temperature on the maximum value of engine inlet
pressure is shown in Fig, 25 for fixed values of pressure drop across the primary
turbine. Bleed flow fractions from Figs. 18, 20, 22 and 24 for each of these
primary turbine pressure drops are shown in Fig., 26. It can be seen from Fig. 25
that the maximum values of engine inlet pressure are 50 to 100 percent higher than
are shown in Fig, 9 for the topping cycle, at an expense of a penalty in bleed flow.

12
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bl,bz'b3
B(T)

B(T)

C‘,CZ

PipEAL

C(T)

cm

LIST OF SYMBOLS
(Excludes Symbols Employed in Appendixes)

Empirical constants (see Table I for values and units)
Second virial coefficient, cm3/g.mole

Statistical mechanical second virial coefficient (see Eq. (11)),
cm3/g.mole

Empirical constants (see Table I for values and units)

Specific heat at constant pressure, cal/g.mole-deg K

Specific heat at constant pressure for ideal gas, cal/g.mole-deg X
Parameter related to the third virial coefficient (see Eq. (6))

Statistical mechanical third virial coefficient (see Eq. (12)),
(cm3/g.mole)

Fraction of pump work obtained by expansion of flow through primary
turbine

Electronic degeneracy

Planck's constant = 1.054 x 10727 erg sec

Enthalpy, cal/g, Btu/lb, or ft-1b/lb

Enthalpy for ideal gas, cal/g, Btu/lb, or ft-1b/1b
isentrOpic enthalpy rise>in punmp, Btu/lb or ft-lb/lb
Moment of inertia, g-cm?

Boltzmann's constant = 1.3804 x lO-l6

erg/deg K
Avogadro's number, 6.0248 x 1023 molecules/g.mole

Pressure, atm or lb/ft2
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Payax

APp

APy

A

Maximum value of engine inlet pressure for specified turbine pressure
drop or bleed flow fraction, atm

Pressure rise across pump, P, -P,, atm

Heat exchanger pressure drop between pump exit and turbine inlet,
P, -Py, atm

Pressure drop across primary turbine,F%-Fg , atm
Rotational partition function

Intermolecular separation, cm

Value of r at equilibrium separation, cm

Universal gas constant = 82.06 cc-atm/g.mole-deg K
Entropy, cal/g-deg K or Btu/lb-deg R

Entropy for ideal gas, cal/g-deg X or Btu/lb-deg R
Temperature, deg K or deg R

Specific volume, cmd/g or £t3/1b

Flow rate through bleed turbine, 1b/sec

Flow rate to engine, 1lb/sec

Flow rate through pump, Wgt Wg, 1b/sec
Compressibility factor

Energy of the ™ quantum state, erg

Interatomic potential energy, erg

Efficiency of bleed turbine (assumed equal to 7n, in all calculations)
Pump efficiency

Turbine efficiency
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o

Subscrigts

Density, g.moles/cm>, Amagat, or 1b/£t3 (for hydrogen, 1 Amagat =
0.0056115 1b/ft3)

Dimensionless parsmeter, see Eq. (3)

Quantum state j

Pump inlet

Pump exit

Inlet of primary turbine
Engine Inlet

Exit of secondary turbine
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APPENDIX I

APPROXIMATE TEMPERATURE DISTRIBUTION IN FUEL-CONTAINMENT REGION
OF A COAXTIAL-FLOW GASEOUS NUCLEAR ROCKET ENGINE

Symbols Employed in Appendix I

£t~ or ca™t

Oor Ci

(oY)
i3
0
o)
13

Rosselan
Heat creation rate per unit volume in fuel region, Btu/sec-ft3
Radiation thermal conductivity, Btu/sec-ft-deg R

Heat flux per unit length of fuel=-containment region, Btu/sec-ft
Radial heat flux, Btu/sec-ft?

Value of Q at outside edge of fuel-contaimment region, Btu/sec-ft2
Local radius, ft

Radius at outside edge of cylindrical fuel-containment region, ft
Temperature, deg R

Centerline temperature, deg R

Temperature at outside edge of fuel=-containment region, deg R

Black-body radiating temperature which will produce heat flux
equal to Q, , deg R

Stefan-Boltzmann constant, 0.48 x 10712 Btu/sec-ftc-(deg R)u

A simplified procedure has been developed for calculating the temperature

distribution in the fuel-contairment region of a coaxial-flow gaseous nuclear rocket
engine (see Ref. 9). The radiant heat transfer per unit length passing a given
radius in the fuel-containment region of such an engine is given by the following
egquation.

g = 27RQ (I-1)
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If it is assumed that the energy creation rate per unit volume within the fuel-
containment region is constant and that convectlon and molecular conduction effects
are negligible, then the radiant heat transfer per unit length at a given radius is
proportional to the volume inside of that radius.

q = C7R? (I-2)
Combining Eqs. (I-1) and (I-2) yields
C
Q = —|-R (1"3)
2
As a boundary condition, assume that the heat flux at the outside edge of the fuel
region, R = Rg, 1s equal to the black-body heat flux at a fictitious temperature, T*.
That is,
Qe =0T (I-k)
Therefore,
(I-5)

According to diffusion analysis, the radiant heat flux is given by the following
expression:

= ar I-6
Q'_K—_ﬁ ( )
where
16 O'I3
- I-
K —g-—a;- ( 7)

Combining Egs. (I-5), (I-6), and (I-7) yields

4

=16 3dr _ T -
(30R)T arR ReR (1-8)

The solution to this equation for Gz = constant and with the temperature at the out-
side edge of the fuel region set at a value equal to Te is
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Lo A3 e Foer [-(£)] (1-9)

An example which is of interest to personnel at the NASA Lewis Research Center
is one in which the radius, Re, equals 2 ft and the Rosseland mean opacity, Qg, equals
100 £t71. Calculated variations of T/T* with R/Re are given in Fig, 27 for two
different values of To/T™.

The effect of the dimensionless fuel opacity, Og Re , on the ratio of ]i/T* is
given in Fig, 28 for two different values of To/T*, It can be seen that the tem-
perature ratio is relatively insensitive to agRe.

The radiant heat fluxes of interest in a coaxial-flow gaseous nuclear rocket
correspond to values of hlack-body radiating temperature, T*, on the order of
30,000 R, Therefore, on the basis of the results shown on Figs. 27 and 28, the
temperatures near the centerline of such an engine would be considerably higher
than 30,000 R, Information on the Rosseland mean opacity of gaseous nuclear fuel
is presented in Ref. 10, According to Ref. 10, the Rosseland mean opacity at a
temperature of 30,000 R is between approximately 100 and 1000 cm™t at pressures of
100 to 1000 atm, and is between 2 and 20 en~l at a temperature of 150,000 R and a
pressure between 100 and 1000 atm. If the "average'" opacity is assumed to be
between 10 and 100 cm'l, and the radius, Ry, is assumed to be 2 ft (61 cm), result-
ing values of ag R, of interest are between 600 and 6000, According to Fig. 28,
this would lead to centerline temperatures between 4 and 7 times the effective
radiating temperatures, or between 120,000 R and 210,000 R for the example being
considered. Therefore, it appears that the temperature at the centerline of a
coaxial-flow gaseous nuclear rocket will be between approximately 100,000 and
200,000 R.
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APPENDIX II

CHANGE OF FORM OF NASA LEWIS HEAVY=-GAS
CONTAINMENT DATA FROM COAXTAL~-FLOW TESTS

Symbols Employed in Appendix II

C‘!’

o)

do

Ratio of average concentration at arbitrary value of Z divided by
concentration at Z = O as determined from Ref. 11 by measuring the
attenuation in single light beam passing through center of bromine flow
Average value of C* between Z =0 and Z =2

Equivalent diameter of duct employed in Ref. 11, 4,56 in, or 0,380 ft
Constant - see Eq. (II-5)

Length of cavity in gaseous nuclear rocket engine (see Fig. 29), ft

Radius of cavity in gaseous nuclear rocket engine and length of region in
model tests used to evaluate C* (see Fig, 29), ft

Radius of bromine injection duct in model tests or fuel injection duct in
gaseous nuclear rocket engine, ft

Air Reynolds number, A Va do/Ha

Bromine Reynolds number, 2FPg Vg /Mg
Axial-flow Reynolds number, Ffy Vp r /Ha
Bromine time constant,Ww g /Wg

Air vel.ocity at Z =0, ft/sec

Bromine velocity at Z = O, ft/sec

Air flow, 1b/sec

Bromine flow, lb/sec

Weight of bromine between Z = O and Z = Z, 1b
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z Distance from end of bromine injection duct, ft or in,
€ Eddy viscosity, ftg/sec

H Molecular viscosity of mixture, 1b/sec-ft

Ha Air viscosity, 1.2 x 1072 1b/sec-ft

Hq Bromine viscosity, 0.988 x 1072 1b/sec-ft

P Mixture density, 1b/ft3

A Air density at Z = 0, 1b/ft3

s Local bromine density, lb/ft3

Pa, Bromine density at Z = 0, 1b/ft3

5é Average bromine density5zLB/7rrFL

Tg Dimensionless bromine time constant, 18,/(&rF/F;)

The results of tests conducted at the NASA Lewis Research Center to determine
the characteristics of a coaxial-flow gaseous nuclear reactor (see Ref. 11) are in a
form which is not easily used in a gaseous nuclear reactor performance analysis
method which is being employed at the UAC Research Laboratories, This analysis
method employs three dimensionless parameters: an axial-flow Reynolds number, Re; ;
a dimensionless time constant, Tg ; and a dimensionless density ratio, ?E/fk . The
relation between each of these parameters and the data from Ref. 11 is developed in
the following paragraphs. All dimensions employed are illustrated in Fig. 29, and
the data from Ref., 11 are summarized in Table II.

The first parameter is Re, , which is defined as follows:

Re = M (II_l)
z o

On the basis of the definition of Re, employed in Ref, 11, Re; can be determined
as follows:

d
(Lhloy . Ng, (11-2)
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The values of Re, given in Table IT have been determined for do = k.56 in. and

r, = 0,287 in, (i.e., rg/r, = 0.75), which yields a value of r,/d, = 0.0630. The
value of dgy of 4.56 in. was determined from values of Rep ,Vy , #a , and Wy from
Ref., 11, All evaluations of parameters from the results of Ref. 1l are valid only
for values of r6/r| which are sufficiently small that the mixing of gases near the
axis has no influence on the velocity and concentration at radius r; , and only if
the change in the position of the outer wall to radius r, has no influence on the
flow pattern inside radius r,. Insufficient information is presented in Ref. 11 to
determine whether this criterion is satisfied for rg/r;, of 0.75 (the value assumed
in determining some of the information in Table II).

It is convenient to employ a fuel or bromine time constant which is a measure
of the average length of time which the heavy gas remains in the cavity of a gaseous
nuclear rocket engine. This time constant is defined as follows:

Ay mmif 5 2
W e )RR e

or
r

where

< = <'P':Z)<?> (F)) (11-5)

The time constant determined in model tests can be scaled to determine the time
constant in a full-scale engine if the configurations are dynamically similar; that
is, if all pertinent dimensionless parameters in the two configurations are equal,
These parameters include geometric length ratios, Reynolds numbers, Froude number,
molecular weight ratio, laminar and turbulent Schmidt numbers, and dimensionless
temperature distribution. If two configurations are dynamically similar, it can be
shown that the ratio of any velocity to any other velocity and the ratio of any
density to any other density are fixed. Therefore, for dynamically similar con-
figurations, it can be seen that the parameter K in Eq, (II-5) is fixed and, hence,
that the time constant for dynamically similar configurations is proportional to
r, /V, according to Eq. (II-4).

The absolute velocity in Eg. (II-L4) can be eliminated by substitution from the
definition of Reynolds number in Eq. (II-l) as follows:
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2
r
ty = K,I(PArI ):_'OA_LL (1I-6)

Since dynamic similarity also requires that Reynolds number be fixed, it 1is
convenient to define a dimensionless time constant, Tg , as follows:

t
. B8 _ K -
T (ar) (=)
Ha

This dimensionless time constant should be fixed for dynamically similar
configurations.

From Egs. (II-3) and (II-7),

t o

- & . 7B (11-8)
T weh)

The dimensionless time constant, Tg in Egs. (II-7) and (II-8) must be determined

from experiments.

2

The_third parameter in the engine performance analysis method is the density
ratio, R /F, , which is defined as follows:

B K

L (11-9)

Evaluation of Egs. (II-3), (II-8), and (II-9) requires knowledge of the amount
of bromine stored within the simulated cavity region of a gaseous nuclear rocket
engine, Although insufficient measurements were obtained in the tests reported in
Ref. 11 to determine this quantity exactly, a technique has been adopted which
results in approximate values ofy g . In this technique, an average value of C* is
employed, where

L

» | »
= az (1I~10)
k

O
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It has been assumed that
. o* 2
)/% = C pBon' oL (I1-11)

Equation (II-11) is only approximate because the measurement of local average con-
centration, C*, in Ref. 11 was made using a light beam which passed only through the
centerline of the bromine flow. This difficulty in determining true average concen-
tration has been avoided in the reduction of data at the NASA ILewis Research Center
by comparing the variation of measured C* with distance to calculated variations of
C* with distance determined from an analysis of the rate of diffusion of the gases
for fixed values of eddy viscosity. The true average concentration is then deter=-
mined from an integration of the variation of theoretical concentration with radius
for the eddy viscosity which provides the best match with the measured variation of
C* with axial distance. A check on the validity of Eq. (II-11) has been made on the
basis of data from nine such theoretical runs which have been furnished by

Mr. Robert Ragsdale of the NASA Lewis Research Center. The true amount of flow
stored was within 10 percent of that indicated by Eq. (II-11) for Runs 6, 9, 10,

and 11 from Ref. 11. However, the true value was less than that indicated by

Eq. (I1-11) by between 25 and 35 percent for Runs 13, 15, 16, and 18, and by
approximately 50 percent for Run 20, Therefore, Eq. (II-11) overestimates the
weight of heavy gas stored within a given length.

Integrations have been made of experimental data reported in Ref. 11 to deter-
mine values of C* for three different values of L/rg . The results of these integra-
tions are given in Table II along with values of /58/ /0A and Tg evaluated from c*
and Eqs. (II-8), (II-9), and (II-11). Also shown on this table are values of Re,
determined from Eq., (II-2). All values of Pg/Py, , Tg, and Re; in Table II were
determined for rg/r, = 0.75. Examination of Egs. (II-2), (II-8), and (II-9) indi-
cates that changes in the assumed value of rg/r, would result in the following:

r 2

6 -
Ty~ <7,—) (11-12)
A
'8 N(i) (I1-13)
P "

A

R ~ l
€z (re/ﬁ) (II-14)
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All values of Tg and R /P from Table II have been plotted as a function of
Reynolds number in Figs. 30 and 31 for a value of L/rg = 8, Values of Tg and
P /P, for selected runs are plotted in Figs. 32 and 33 as a function of L/r;. All
ilmen51onless time constants are plotted in Fig. 34 as a function of Fg/fi for a
value of L/rg = 8, Separate symbols have been employed in Fig. 34 for each range of
Reynolds number.

The correlation of the data in Ref., 11 indicates that the total viscosity (sum
of eddy and molecular viscosities) is related to Reynolds number as follows:

/2
€ \Y
p;’u = 1400172 (Vi —|) (Reg - 250) (II-15)
B8

For large values of Reg and Re, , Eq. (II-15) reduces to

PE+H

a 0.0172 (—— - |) Re (II-16)

For conditions for which Eq. (II-16) is valid, it can be shown that the ratio of any
velocity to any other velocity is independent of all Reynolds numbers for fixed
values of VA/VB , and for fixed values of other dynamic similarity parameters.
Under these conditions, the parameter K in Eg. (II-7) is independent of Reynolds
number and
i

TB ~ —@ (II"]-?)
Equation (II-17) is valid only for fixed values of Vo/ Vg . Calculations based on
Table II indicate that V,/Vg 1s approximately equal to 3.0 for Runs 6, 10, and 11,
and is approximately equal to 9,0 for Runs 13, 16, and 18, It can be seen from
F'ig. 30 that the variation of Ty With Re, for each of these two sets of data is
approximately as indicated by Eq. (II-17).
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APPENDIX IIT

HEAT GENERATION RATE IN FUEL PASSING THROUGH FUEL-INJECTION DUCT
LOCATED IN MODERATOR OF GASEOUS NUCLEAR ROCKET ENGINE

Symbols Employed in Appendix III

A Cross sectional area of fuel-injection duct, £t2
B Q/Q¢ (see Fig. 39)

AH¢ Enthalpy rise of fuel in passing through fuel-injection duct, Btu/lb

m Moderator thickness, ft or cm

Q Rate of heat generation in fuel within fuel-injection duct, Btu/lb-sec

Q Average rate of heat generation in fuel within fuel injection duct,
Btu/1lb=-sec

Q¢ Rate of heat generation in fuel within cavity, Btu/lb-sec

r Inside radius of fuel-injection duct, cm or in,

o Outside radius of sleeve surrounding fuel-injection duct, cm or in.

Fa\s Slant thickness of fuel-injection sleeve, Arg /Cosqb, cm or in,

Arg Thickness of fuel-injection sleeve normal to axis plane, cm or in,

(see Fig. 35)

Arp Average thickness of fuel-injection sleeve normal to axis plane, cm or in.
t Time, sec
teg Dwell time of fuel in fuel=-injection duct for constant fuel velocity

along fuel-injection duct, sec

Vf Velocity of fuel passing through fuel injection duct, ft/sec

Wf Weight flow of U-233 fuel, lb/sec
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X Distance from outside edge of moderator, cm or ft
y Distance from inside edge of moderator, cm or ft
Ye Effective fuel-exposure length of fuel-injection duct for heating due to

uncollided neutrons from cavity, cm or ft

8, Angle shown on Fig. 35, deg

62 Angle shown on Fig. 35, deg

pf Fuel density in carrier gas, lb/ft3

Zo Macroscopic absorption cross section of sleeve wall material, cm'l
2 Macroscopic fission cross section of nuclear fuel, em™t

g Neutron flux at cavity-moderator boundary, neutrons/cmg-sec

o Neutron flux inside hafnium fuel injection duct, neutrons/cmg-sec
Do Neutron flux outside hafnium fuel injection duct, neutrons/cme-sec
¢ Angle shown on Fig. 35, deg

Many gaseous nuclear rocket concepts, such as the concept described in Ref, 9,
require that fuel be injected separately from the propellant through a fuel-
injection duct located in the moderator of the engine into the engine cavity. The
configuration employed in the following analysis of the heat generation in the fuel
while in the fuel-injection duct is given in Fig. 35. It is assumed that the fuel-
injection duct is surrounded by a sleeve made of a material such as hafnium which
will absorb a large fraction of the neutrons passing into the fuel-injection sleeve.
The analysis in the following subsections first considers the neutron flux which
passes through the sleeve, and then considers the uncollided neutron flux which
passes from the cavity into the open end of the duct exposed to the cavity. These
two sources of heat generation are then added to obtain the overall heat generation
rate in the fuel within the fuel-injection duct. Finally, the effect on critical
mass of the presence of the neutron poison in the fuel-injection duct sleeve 1is
estimated.
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Heat Generation Rate Due to
Neutron Flux Passing Through Sleeve

It is assumed that the scattering of neutrons by the sleeve surrounding the
fuel-injection duct is negligible, that the length of the sleeve is effectively
infinite, and that the neutron flux approaching the sleeve is isotropic. It is also
assumed that the thickness of the sleeve is small compared to the neutron mean-free
path outside the sleeve such that the flux depression in the moderator caused by the
sleeve is negligible. This latter assumption results in a slight coverestimation of
the flux within the sleeve.

The ratio of the neutron flux within the sleeve to the flux outside the sleeve
is derived using Fig. 35.

£ = v sin8, = r,sin6 (I1I-1)

fo COS 8, —r; COSE
0“9 % 7 2
At cos ¢ ( )

where ¢ is the angle between the plane normal to the axis of the cylindrical absorber
and any oblique plane through the sleeve shown in Fig. 35. Thus,

o L V2 5 5o W2y 2 _,2
Ar = 05 ¢ [ro(l-sm e,) —(q-rosm 9,) ] = m—[(ro £°)

i/2

~(r2 -£2)"%] (111-3)

Consider a band of unit area on the outer surface of the cylindrical absorber of
width, 2r; . The ratio of flux inside the cylindrical absorber to flux outside the
absorber is given by

L/Z3BH

é. ffe'z"m cos ¢ d.LdP

=t = ¢:O £:0

%, mz T, (III-k4)

cos ¢p dhdde
$:0 £:0
For simplicity, assume that
e Zalr e—zo(A—rn/cosqb) (ITI-5)
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where 5;n is a constant for a selected geometry given by tre following equations.
r

; ' /2 /2
[arnae Jl02-£20" -(r2-e?) | ae
- ,Q:o _ l:o (III—6)
Arn = Yi - r.
|
[ae
1:0
— (15~ rf) Iro2 4% T
Bl = —z T ompmsn T Al (111-7)

Arn and Ar,  are distinguished from Ar in that ¢ = 0 (plane normal to sleeve
axis shown in Fig. 35) for Arq and Ary . This approximation is accurate as long as
Amdoes not differ greatly from (r, — rj ). TFor the cases of interest in this work,
ri /v, varies between 0.0 and 0.5 and,over this range, the ratio of —E?h— varies from
1.0 to 1.13 The results of the calculations of the ratios of flux inside the
absorber to flux outside, ®;/Py , are shown in Fig. 36 for ri/ro = 0.0, 0.25 and
0.50.

Calculations of the neutron flux at different positions along the length of
the fuel-injection duct have been made on the basis of a typical neutron flux dis-
tribution for the configuration shown on Fig. 35 using techniques described in Ref.
12. These calculations were made for a total of 19 radial stations in the moder-
ator. Average values of neutron flux in each energy group and for each of the
three major portions of the moderator are given in Table III. The calculations of
flux within the fuel-injection duct have been made on the basis of the use of haf-
nium as a sleeve wall material. It is assumed that the hafnium is cooled by
coolant ducts occupying ten percent of the hafnium volume. Average macroscopic
hafnium absorption across sections obtained using Ref. 13 for each energy group are
shown in Table IV. Also shown in Table IV are the macroscopic fission cross sec-
tions for U-233 fuel. The effect of self-shielding of neutrons by the nuclear fuel
on the heat generation within the nuclear fuel was neglected.

The results of calculations of the local heat generation rate in the fuel
within the fuel-injection duct relative to that for fuel in the cavity are shown in
Fig. 37 for r; =0.04 in., with sleeve wall thicknesses of 0.0, 1.0, and 2.0 in,as a
function of the distance from the outside edge of the moderator. The results shown
on this figure were determined by summing the products of (Bi/Pg) 2P0 for all
18 neutron energy groups at each of 19 different radial stations in the reflector
moderator. The values of (P, /P,) were taken from Fig. 36 for each neutron energy
group as a function of zq(ro-n) for the particular energy group and hafnium sleeve
thicsness. Also shown in the table on Fig. 37 are average values of the heat
generation rate within the fuel-injection duct relative to the heat generation rate
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in the fuel within the cavity. In calculating the heat generation rate within the
fuel-injection duct, it was assumed that no neutron, gamma, or beta particle energy
would be deposited in the fuel during injection due to the small dimensions of the
inside of the injection tube and small residence time for the fuel within the tube.
On the other hand, the heat generation rate for fuel within the cavity includes
contributions from all energy sources, namely fission fragments, neutrons, gamma
rays, and beta particles., On this basis, the ratio of heat generation rate within
the fuel-injection duet to that in the cavity for identical neutron fluxes would
be 0,88,

Heat Generation Due to Uncollided Flux from Cavity

A certain fraction of the flux near the cavity boundary will enter the end of
the fuel-injection duct. Assuming an isotropic flux approaching the duct, the
exposure of the fuel in the tube to uncollided flux from the cavity should be pro-
portional to the solid angle subtended along the tube axis, The fission rate at
any point ¥ will be

Q _ P y

where ¢@ is the neutron flux at the cavity-moderator boundary.

A plot showing the variation of local heat generation rate in the fuel-
injection duct due to the uncollided flux from the cavity relative to that for fuel
in the cavity is given in Fig. 38. In calculating Fig. 38 it was assumed that all
flux from the moderator was absorbed by the sleeve, At the end of the fuel-
injection duct (y = 0), the flux seen by the fuel is half that at the cavity-
moderator boundary because the fuel in this region sees only the flux coming from
the cavity direction, while the fuel in the cavity sees flux from all directions.
Also, the heat created in the fuel within the fuel-injection duct is assumed to be
that due to only fission fragments for the reasons discussed previously. Since the
heat generation rate due to the fuel within the cavity is considered as that from
all causes, the resulting heat generation rate in the fuel located at the exact
exit of the fuel-injection duct is approximately 4L% of the total heat generation
rate of the fuel within the cavity. '

The total heat generated within the fuel in the fuel-injection duct may be
obtained by integrating the curve shown on Fig, 38, If such an integration is per-
formed, a result is obtained which indicates that the total heat generated within
the fuel-injection duct due to uncollided flux from the cavity is equal to that
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which would occur in a duct having a length equal to O.LL7 ri if this length were
subjected to the full neutron flux in the cavity. This length, O.447 r;, is denoted
as an effective fuel exposure length, ye .

Total Heat Deposited in Fuel Within Fuel=-Injection Duct

A series of calculations have been carried out to determine the total fuel
heating rate as a function of sleeve wall thickness for internal sleeve radil of
0.04, 0.08, 0,2, and O,4 in., This heating rate was determined by adding that due to
flux passing through the sleeve (such as that shown in Fig. 37) to that due to the
uncollided flux from the cavity (Fig. 38). The results of this calculation are
shown in Fig. 39. It can be seen from this figure that, for sleeve thicknesses
greater than approximately 0.5 in., a majority of the heat generation in the fuel
occurs as a result of uncollided flux originating in the cavity rather than from
flux which has passed through the sleeve, Minimization of the flux from the cavity
would require the use of the smallest possible value of the inside diameter of the
fuel-injection duct, An effective reduction in the diameter of this fuel=-injection
duct could be obtained by filling the downstream end of the duct with "egg crate"
partitions made from hafnium, As noted on Fig. 39, all calculations of the flux
passing through the sleeve were made on the basis of the use of hafnium as the
sleeve wall material.

The overall enthalpy rise in the fuel in passing through the fuel-injection
duct may be determined from the following equation,

AHg = Tiyg = BQc T (I11-9)

A typilcal value of heat deposition rate for fuel in the cavity is 5 x 106 Btu/lb-
sec, For a fuel-injection duct having an inside radius of 0.0k in, and a physical
wall thickness of 0.5 in., the ratio of energy release of fuel in the fuel-injection
duct to that in the cavity, 8, is 0.003 according to Fig. 39. Therefore, for this
example,

2

BQ. = Q@ = 0.003 (5x10% = 1.5x 10% BTU/LB-SEC (I1I-10)

From Fig, 1, Ip= 2 ft. The fuel must pass through the fuel-injection duct rapidly
enough so that the temperatures created in the fuel are acceptable., If this maximum
temperature is assumed to be that for melting of the fuel-injection duct (~ 3600 R)
the corresponding enthalpy would be approximately 150 Btu/lb. A carrier gas,
probably hydrogen, would also be employed and might occupy 50% of the volume within
the duct, However, the contribution of the energy absorption of the hydrogen rela-
tive to that of the mixture would be negligible. Therefore,

AHf = |50 BTU/LB
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If values for AHs,Q, and Q. are substituted in Eq. (III-9), it is concluded that
the minimum permissible velocity of the fuel in passing through the moderator,
(Vf ) MIN » is

B 6
Vel Qcdm _ _0003(5x10%(20) . 559 E1/SEC

ZXHf 150

If V¢ is less than 200 ft/sec, the temperature of the fuel at the end of the fuel
duct will be greater than the assumed value of 3600 R. Note that the required fuel
velocity would have been 66,700 ft/sec if the hafnium liner had not been employed
(B8 =1.0).

Knowing Vg fi, and the fuel density, Pr , at 3600 R and 1000 atm, the
minimum injection rate of fuel, Wg, can be calculated. It is assumed that the
density of the carrier gas, Hp, 1s negligible relative to particulate or condensed
U-233 present at 50% by volume and therefore, from Ref. lh, Pe = 575 lb/ft3. if
ri =0.1cnm

- -5 —
We o= Pr(VewyA = (575)(200)(33810°) = 38 LB/SEC

This fuel flow rate could obviously be reduced by employing a smaller volume frac=-
tion of fuel in the duct or by employing a smaller duct diameter.

Effect of Neutron Absorption in Sleeve on Critical Mass

The presence of a neutron=-absorbing sleeve surrounding the fuel=-injection duct
will cause an increase in the critical mass of nuclear fuel required in the cavity.
The neutron-absorbing sleeve of thickness greater than 0.5 em will effectively
remove all neutrons passing through an area equal to the external surface area of
the sleeve, Corporate-sponsored studies have indicated that a neutron-absorbing
area uniformly distributed throughout the moderator and equal to l% of the cavity
surface area will result in an increase in critical mass of approximately 25%.

This information has been used to construct Table Y. It can be seen that care must
be taken to minimize the diameter of the sleeve surrounding the fuel-injection duct
in order to minimize the resulting effect on critical mass., For the example in the
preceding sections, a fuel injection tube with r; = 0.04 in, (0.1 cm) and with a
sleeve thickness of 0.5 in, would result in an increase in critical mass of

about 5.5%.
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TABLE I

CONSTANTS EMPLOYED TO CALCULATE COMPRESSIBILITY OF HYDROGEN

See Text, Egs. (4), (5), and (6)

Values Employed Values Employed
Constant Units in Ref. 3 in Present Report
1/h
b, (cc/g.mole) - (°K) .0055478 .005390
3/
b, (cc/g.mole) - (°K) -.036877 -.0430k5
5/4
bs (cc/g.mole) * (°K) -.2200k -.10393
3/2
o (cc/g.mole) -+ (°k) .00Lk788 ,009686
2
o (cc/g.mole) - (%K) -.04053 -.16816
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TABLE III

RELATIVE VALUES OF AVERAGE NEUTRON FLUX IN EACH ENERGY GROUP
AND IN DIFFERENT PORTIONS OF MODERATOR

See Appendix III

Boundaries of Energy Group, ev

Relative Average N

Eutron Flux,

Neutrons/cm -sec

Energy Beryllium Graphite |Heavy Water]
Group oxide portion|portion of|portion of
Number | Lower End Upper end ||Cavity | of moderator |moderator |moderator
18 | 1.35x10° 107 1.93 8l 13 .00k
17 1.17x10” l.35x106 L.58 2.21 .39 .020
16 583 1.17xlolL 2.16 1.45 .33 .020
15 29 583 1.81 1.36 .39 .027
14 8.32 29 .93 .60 .18 .013
13 3.06 8.32 3.04 .82 17 .011
12 2.38 3.06 1.17 .27 .06 .003
11 1.86 2.38 1.26 .33 .10 .003
10 1.4k 1.86 1.36 U8 17 .005
9 1.125 1.kh 1.38 .68 L6 .005
8 .683 1.125 3.03 2,73 2.12 .032
7 Lk .683 3.26 L.66 3.36 .068
6 3 Lk 1.70 3.10 2.15 L067
5 .2 1.46 3.13 2.20 .159
4 .1 1.11 2.30 2.29 .916
3 .05 .29 1.05 1.07 1.900
2 .015 .05 L067 .38 .56 2.231
1 0 .015 .0035 .Oh .08 L79
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TABLE IV

NEUTRON ABSORPTION CROSS SECTIONS FOR HAFNIUM AND

FISSION CROSS SECTIONS FOR URANTUM=-233
FOR DIFFERENT NEUTRON ENERGY GROUPS

See Appendix IIT
Hafnium Atom Density = 4.0 x 10°° atom/cm3
U-233 Atom Density = 4.65 x 102 atom/cm3

Boundaries of Energy Group, ev

Energy Neutron Absorption Cross Fission Cross

Group Section for Hafnium, Section for U-233,

Number | Lower End Upper end Lo = cmt 2 e, em™t
18 1.35x106 107 0.08 0.09
17| 1.17x00% 1.35x10° 0.08 0.13
16 583 1.17;:.101L 0.40 0.38
15 29 583 0.60. 1.25
1k 8.32 29 1.k0 L6
13 3.06 8.32 - 8.00 L.97
12 2,38 3.06 8.00 2.85
11 1.86 2,38 40,00 17.20
10 144 1.86 L.00 27.90
9 1.125 1.4k 2l ,00 10.80
8 .683 1.125 8.00 6.19
T RSP .683 2.20 6.21
6 .3 Lk 1.80 T.17

5 .2 .3 1.80 8.25

L .1 2.00 5.40
3 .05 A 2.60 14,70
2 .015 .05 4,00 22.40
1 0 .015 8.00 Ll L0
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TABIE V

EFFECT OF THICKNESS OF SLEEVE SURROUNDING
FUEL-INJECTION DUCT ON CRITICAL MASS

See Appendix III

Cavity Diameter - 9 ft

Spherical Cavity Surface Area = 254.0 £t° = 2.36 x 107 on®
Moderator Thickness = 2 ft = 61.0 cm

Outside Radius Qutside Surface Fractional

of Sleeve Sur- Area of Sleeve Increase in

rouding Fuel~- Surrounding Fuel Critical Mass

Injection Duct, | Injection Duct, Outside Sleeve Surface Area Due to Presence
ro=cm cm Cavity Surface Area of Sleeve

in, cm

0.40 1.0 383 . 00162 Ol

0.80 2.0 766 .00324 .08

1.20 3.0 1150 .00487 .12

1.60 4.0 1532 . 0065 .16
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FIG. 3
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TURBOPUMP CYCLES EMPLOYED
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FiG. 6

TURBINE PRESSURE DROP REQUIRED FOR TOPPING

CYCLE AND TURBINE INLET TEMPERATURE OF 2200 R
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D-9210093-19 FIG. 7
PRIMARY TURBINE PRESSURE DROP REQUIRED FOR TOPPING

CYCLE AND TURBINE INLET TEMPERATURE OF 3000 R
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FIG. 8

PRIMARY TURBINE PRESSURE DROP REQUIRED FOR TOPPING
CYCLE AND TURBINE INLET TEMPERATURE OF 3800 R
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D-910093-19 FIG. 9
EFFECT OF TURBINE INLET TEMPERATURE ON

MAXIMUM ENGINE INLET PRESSURES FOR TOPPING CYCLE

MAXIMUM VALUES OF ENGINE INLET PRESSURE DETERMINED FROM MAXIMUM ASSUMED
VALUES OF PRIMARY TURBINE PRESSURE DROP NOTED ON EACH SET OF CURVES
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D-910093 1L EEECT OF HYDROGEN CHARACTERISTICS IN PUMP 0°

ON TURBINE PRESSURE DROP FOR TOPPING CYCLE

TURBINE INLET TEMPERATURE, Tz = 2200R
HEAT EXCHANGER PRESSURE DROP, APug =Py - P3 =0

LINE PUMP ENTHALPY CURVE IN FIG. 3
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D-910093-19 FIG. 11

BLEED FLOW FRACTION REQUIRED FOR BLEED CYCLE
AND TURBINE INLET TEMPERATURE OF 1400 R
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FIG. 12

D-910093-19

BLEED FLOW FRACTION REQUIRED FOR BLEED CYCLE

INLET TEMPERATURE OF 2200R
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D-910093- 19 FIG. 13
BLEED FLOW FRACTION REQUIRED FOR BLEED CYCLE
AND TURBINE INLET TEMPERATURE OF 3000 R
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D-910093-I9

BLEED FLOW FRACTION REQUIRED FOR BLEED CYCLE
AND TURBINE INLET TEMPERATURE OF 3800R
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D-910093-19 FIG. I5

EFFECT OF TURBINE INLET TEMPERATURE ON
MAXIMUM ENGINE INLET PRESSURES USING BLEED CYCLE

MAXIMUM ENGINE INLET PRESSURES DETERMINED FROM FIGS. 1|
TO 14 FOR VALUES OF BLEED FRACTION NOTED ON EACH SET OF CURVES
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FIG. 16

IN PUMP ON

BLEED FLOW FRACTION FOR BLEED CYCLE

IN FIG. 3

Ty = 2200R
A (USED TO CALCULATE FIGS 11 TO I5)
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D-910093-19 : FIG. |7
PRIMARY TURBINE PRESSURE DROP REQUIRED
FOR MIXED CYCLE AND PRIMARY TURBINE
INLET TEMPERATURE OF 1400 R
CORRESPONDING VALUE OF BLEED FLOW FRACTION GIVEN IN FIG. 18
FRACTION OF WORK IN PRIMARY TURBINE, F= 0.5
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D-910093-19

BLEED FLOW FRACTION REQUIRED FOR MIXED
AND PRIMARY TURBINE INLET TEMPERATURE OF

CORRESPONDING VALUE OF PRIMARY TURBINE PRESSURE DROP GIVEN IN

FRACTION OF WORK IN PRIMARY TURBINE, F = 0.50

AP Py -P3 =0

CYCLE
1400 R

FIG. 17

FIG. 18

—TTTT = -
- — ! S 328 T s 4= | - - s
& EESSERCH e = m=ENE =BEE L1
H 2 RS

- g - . - g Al
. L = _ - 3T il

0.5 B

= | nEy/ S P4SEns HH g
—- 1 T - lfﬂ —F H-10 11 . I
AT
- 47 S T - PR Y 4 [
1 ;‘. - ;,/?‘“ -
| . ?f" [ . 1. Tl 4 . I
= N A A aiMimRas
~ 0.2 — T J ] ]
m TTTT NG . g 1T
z - | ,\Q\ T i 8l
- T e
g i 1 /:/ N i
= T Wl
(& /f 4 ' 3
< / !
o O | F— T— ’! / 7 F+ ]
w ——- S S REEs Y PASSE AL e e -
= RER RERRRNY g  ERE A ‘ - & X H] A
71 T et e e 7. ] = H F
c_nl [ I ’/ ’;l, "P' /’ p ’/’/ { _
P l’ / ‘{’; !‘ - fdl | 1 i

0.05 =

L Y]
b
N\
X
N
TN TN d
N >
> W
N
X
b L,
e
—
|

INGINTY

e I B
0.02 L L

100 200 500 1000 2000
ENGINE INLET PRESSURE, P4 -ATM

56

5000




o — — -

D-910093-19

TURBINE, AP =P, - P, —ATM

ACROSS PRIMARY

DROP
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PRIMARY TURBINE PRESSURE DROP REQUIRED

FOR MIXED CYCLE AND PRIMARY TURBINE
INLET TEMPERATURE OF 2200R

CORRESPONDING VALUE OF BLEED FLOW FRACTION GIVEN IN FIG. 20
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D-910093-19 _ FIG.

BLEED FLOW FRACTION REQUIRED FOR BLEED CYCLE
AND PRIMARY TURBINE INLET TEMPERATURE OF 2200 R

Wg / Wg

BLEED FRACTION,

CORRESPONDING VALUE OF PRIMARY TURBINE PRESSURE DROP GIVEN IN FIG. I9
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APy =P, —P3 =0

~—— —— ——  APyg =P, —P3 =50 ATM

0.5 T T T ] —T - y =
R ) !
T REEENN I
b e ek e j I~ - - gE== i‘_'
- S 1 i ESE apas b 1 B8 7
A RuNy aEa 1 nnht 1) e g
i RERRY AN | _ ]
0.2
c NENTEFFICIE CC TV L
i ji
F V.
aril[d.8
0l oGP ESERSE Exdn
S L g - iiiin
T g : b ] 11
0.05 A ; ' — .
mEaE AWVl s s o B ey g
EEfiEch LA SEEEREESENG jiili |
L A B S &
A i e e o Y B
Z T 284 SR0E] g T m
P ailh r'{l A H = . B o
b T i T AR i
002 A - — et
" Zi , a i REEND ) — - NN !
o I 1]
0.0l i L (1]
00 200 500 1000 2000 5000

ENGINE INLET PRESSURE, P, -ATM

58

20




D-910083-19 FIG. 21

PRIMARY TURBINE PRESSURE DROP REQUIRED
FOR MIXED CYCLE AND PRIMARY TURBINE
INLET TEMPERATURE OF 3000 R

CORRESPONDING VALUE OF BLEED FLOW FRACTION GIVEN IN FIG. 22
FRACTION OF WORK IN PRIMARY TURBINE, F=0.5
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D-910093-19 FIG. 22

BLEED FLOW FRACTION REQUIRED FOR BLEED CYCLE
AND PRIMARY TURBINE INLET TEMPERATURE OF 3000 R

CORRESPONDING VALUE OF PRIMARY TURBINE PRESSURE DROP GIVEN IN FIG. 2!
FRACTION OF WORK IN PRIMARY TURBINE, F =0.5
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D-910093-19

P,-PF, - ATM

DROP ACROSS PRIMARY TURBINE, AP,

PRESSURE

PRIMARY TURBINE PRESSURE DROP REQUIRED
FOR MIXED CYCLE AND PRIMARY TURBINE
INLET TEMPERATURE OF 3800 R

CORRESPONDING VALUE OF BLEED FLOW FRACTION GIVEN IN FIG. 24
FRACTION OF WORK IN PRIMARY TURBINE, F:=0.5

AP P, =Py =0
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D-910093-19 FIG. 24

BLEED FLOW FRACTION REQUIRED FOR MIXED CYCLE
AND PRIMARY TURBINE INLET TEMPERATURE OF 3800 R

CORRESPONDING VALUE OF PRIMARY TURBINE PRESSURE DROP IN FIG. 23
FRACTION OF WORK IN PRIMARY TURBINE, F:0.5
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D -910093-19 FIG. 25
EFFECT OF PRIMARY TURBINE INLET TEMPERATURE ON
MAXIMUM ENGINE INLET PRESSURES FOR MIXED CYCLE
MAXIMUM VALUES OF ENGINE INLET PRESSURE DETERMINED FROM MAXIMUM ASSUMED
VALUES OF PRIMARY TURBINE PRESSURE DROP NOTED ON EACH SET OF CURVES

) BLEED FRACTIONS CORRESPONDING TO EACH PRIMARY TURBINE
PRESSURE DROP GIVEN IN FIG. 26
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D-910093- 19 FlG. 26

BLEED FLOW FRACTIONS REQUIRED IN MIXED CYCLE

BLEED FLOW FRACTIONS CORRESPOND TO PRIMARY TURBINE PRESSURE
DROPS SHOWN IN FIG. 25 :
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D-910093-19

FIG. 27
CALCULATED TEMPERATURE DISTRIBUTIONS IN
FUEL-CONTAINMENT REGION
SEE APPENDIX I
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FIG. 28
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2y ¥p ‘ALDVJO 13Nd  SSIINOISNIWIG

I XION3ddv 33S

NOI938 LN3WNIVLNOD-T3Nd d4O 3NITYILNID 1V
IHUNLVE3IdWAL NO ALIDOVdO 13Nd SS3TINOISNIWIQ 40 LI33443

NOI934 LIN3IWINIVLINOD-13Nnd 40 3903 LV
IUNLVHIAWNIL ONILVIGVYH AQO8-MOvI8 3AILD3443

»dl

3

IYNLYH3IdWNIL 3INITE3LN3D

66




D-910093-19

FIG. 29

GEOMETRY OF NASA LEWIS COAXIAL- FLOW EXPERIMENT

SEE APPENDIX I AND REF.II
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D-910093-19 FIG. 30
EFFECT OF REYNOLDS NUMBER ON DIMENSIONLESS
BROMINE TIME CONSTANT
SEE APPENDIX T
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FIG. 3I
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FIG. 32

TYPICAL EFFECT OF CAVITY LENGTH-TO-DIAMETER RATIO
ON DIMENSIONLESS BROMINE TIME CONSTANT

NUMBERS NEXT TO CURVES DESIGNATE RUN NUMBERS FROM REF 11 (SEE TABLE )
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AVERAGE BROMINE DENSITY

NUMBERS NEXT TO CURVES

AR DENSITY

EFFECT OF CAVITY LENGTH-TO-DIAMETER RATIO

05

0.2

0.l
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SEE APPENDIX TT
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EFFECT OF BROMINE-TO -AIR_ DENSITY RATIO
ON DIMENSIONLESS BROMINE TIME CONSTANT

SEE APPENDIX T
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GEOMETRY EMPLOYED IN ANALYSIS OF FUEL-INJECTION DUCT -
FOR GASEOUS NUCLEAR ROCKETS

SEE APPENDIX IO
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INFLUENCE OF EFFECTIVE THICKNESS OF SLEEVE

FUEL-INJECTION DUCT ON NEUTRON FLUX

WITHIN FUEL -INJECTION DUCT
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SEE APPENDIX I
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HEAT GENERATION

IN FUEL WITHIN FUEL -INJECTION DUCT
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HEAT GENERATION RATE
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SEE

APPENDIX 1O

FIG. 37
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FUEL- INJECTION

IN FUEL WITHIN
DUCT DUE TO UNCOLLIDED NEUTRON FLUX FROM CAVITY

HEAT GENERATION RATE

APPENDIX 1III

SEE
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AVERAGE HEAT GENERATION RATE OF FUEL
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SEE APPENDIX II
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